Acute compression ischemia was induced in 30 cats by progressive inflation of an epidural balloon, followed by rapid decompression.
Introduction
Acute traumatic space-occupying lesions, such as acute subdural, epidural, and intracerebral hema tomas, account for approximately half of all severe head injuries. Craniotomies for decompression and removal of hematoma do not always prevent a subse quent increase in intracranial pressure (ICP), result ing in fatal brain swelling.) The pathophysiology of brain swelling (edema) ',' 1,12,21,22) following removal of the acute space-occupying lesion is not clearly understood, but factors such as duration and extent of cerebral compression, or intensity of the meta bolic disturbance, are important in inducing brain swelling.",") Several studies have suggested that the magnitude of reduction in the cerebral metabolic rate of oxygen (CMRO2) may be more closely related to the outcome than reduced cerebral blood flow (CBF).16) However, conventional methods for CBF measurement, such as the xenon method, nitrous ox ide method,") positron emission tomography, and single photon emission computed tomography, can not monitor the exact value of CMRO2 and CBF con tinuously at the bedside. We previously reported that, in very severely head-injured patients who died from acute brain swelling, the arterio-jugular venous difference of oxygen content (AVD02) was significantly lower than in patients with less severe in jury.","' This phenomenon suggests that a marked imbalance of CBF and cerebral metabolism may be detected by measuring AVD02.
In the present study using the cat compression ischemia model, we aimed to measure the exact value of CBF and cerebral metabolism by measur ing the fast-wave component of the electroenceph alography (EEG), and combining this with AVDO2 as a substitute for CMR02.2s.291 We simultaneously observed the early postischemic changes in CBF and cerebral metabolism, following global ischemia and reperfusion, to compare the conventional method and our new method. Also, the effect of barbiturates on secondary cerebral ischemia was evaluated by both methods. 
Materials and Methods
Experiments were performed on 30 adult cats . Figure  1 shows the experimental arrangement. Anesthesia was induced by intramuscular injection of ketamine (150 mg), and surgical procedures were usually com pleted under ketamine and a-chloralose. During re cording of various parameters, intermittent intrave nous administration of a-chloralose (50 mg/kg) was given. Slit pupils were maintained, and no secretion of saliva was observed throughout the experiment. All cats were paralyzed with intermittent intrave nous administration of pancuronium bromide and ventilated artificially. The PaCO2 was continuous ly monitored by an endotidal CO2 meter (Respina IH32; NEC San Ei, Tokyo) and maintained at 27-33 mmHg by the adjustment of the ventilator. The left femoral artery and bilateral femoral veins were can nulated for continuous measurement of the mean arterial blood pressure (ABP), obtaining blood for gas analysis (Pa02, PaCO2i HC03), and administra tion of fluid and drugs. The mean ABP and arterial HC03 were maintained at about 110 mmHg and 15 mg/dl by intravenous injection of trimethaphan or sodium bicarbonate, respectively. The rectal tempera ture was kept at 37-38°C by radiant heat. The ICP was monitored by a fiber optic transducer (Camino Lab., San Diego, Cal., U.S.A.) inserted into the sub cortical region of the right occipital lobe. EEG was recorded made using a screw electrode located epidurally over the bilateral sensorimotor cortices and a data recorder (RD-111 PCM Data Recorder; Teac, Tokyo). The reference electrode was placed subcutaneously over the nasion. EEG was record ed for 5 minutes every hour until the end of the ex periments. EEG data were transferred to an EEG trend monitor for fast Fourier transform251 % spec trum band analysis (Nihon-Kohden, Tokyo). The bands were a (2-4 Hz), 0 (4-7 Hz), a, (8-10 Hz), U2 (11-13 Hz), and a (20-30 Hz). Regional CBF was measured by the hydrogen clearance method. Platinum needle electrodes (needle type, UHE-100; Unique Medical, Tokyo) were stereotactically in serted into the bilateral thalami and connected to an amplifier and personal computer (PC 9801 VM21; NEC, Tokyo). Clearance curves were recorded and input into the computer. The clearance curve was analyzed by the height-over-area method for the CBF values. AVDO2 and CMRO2 were measured in all cats. The superior sagittal sinus was cannulated anteroposteriorly towards the confluence. The AVDO2 was calculated as the difference in 02 content between arterial and superior sagittal sinus samples taken simultaneously, using:
x Hb/ 100 + 0.0031 where Hb = hemoglobin and Sat 02 = oxygen saturation.
The CMRO2 was estimated from the AVDO2 and the mean CBF:
Mean ABP, EEG, ICP, CBF, and AVDO2 values were first measured as a control value for each animal. Then a 3 to 4-mm diameter rubber balloon located in the right frontal epidural space was gradually inflated using physiological saline to in crease the ICP by 10 mmHg per 10 minutes. The CBF was measured after every 20-mmHg ICP rise. Trimethaphan was occasionally administered to avoid excessive ABP increase due to Cushing's phenomenon.
The ICP was raised until the EEG become completely isoelectric, and hydrogen clearance ceased. This was defined as "global ischemia."
Global ischemia was maintained for 5 minutes in all cats because we previously found that 5-minute duration of global ischemia was the border zone for causing irreversible metabolic damage. The balloon was then deflated and removed. All parameters were recorded 10 minutes after balloon deflation, then hourly for either 24 hours or until brain death occurred due to increased ICP. Con tinuous venous injection of thiopental at 10-15 mg/hr was started after confirming EEG recovery following balloon deflation in seven cats. This was the minimum dose to maintain the burst and suppres sion EEG pattern without critical cardiovascular depression.
No thiopental was administered after decompression in 13 cats. All animals developing car diovascular or respiratory problems, or intracranial hemorrhage during the experiment were excluded from the study (10 cats). All brains were removed and fixed in formalin. Sections were prepared to iden tify the locations of the platinum electrode and in traparenchymal hemorrhage. All values are given as mean ± SEM. Wilcoxon test was used for comparison of physiological variables within groups. A calculated difference of p < 0.01 was considered to be statistically sig nificant. 
Results
Figure 2 shows the changes in ICP after balloon defla tion. These can be classified into two groups: no or only minimal increase in ICP (the no swelling group), and fatal brain swelling at 6-14 hours after deflation (the delayed swelling group). Of 13 cats undergoing 5-minute global ischemia, six cats were in the no swelling group and seven in the delayed swelling group. Thus, 54% of animals died of brain swelling caused by compression ischemia. In contrast, all seven cats receiving barbiturate at reappearance of EEG after 5-minute global ischemia demonstrated no rises in ICP. These cats were the barbiturate no swelling group. Figure 3A shows the changes in thalamic CBF. CBF control values showed no statistical difference between the three groups. CBF increased markedly following balloon deflation in all three groups, with values significantly higher than the control within 10 minutes (p < 0.01). This was considered to be initial "postischemic reactive hyperemia" according to the criteria proposed by Obrist et a1.351 One hour after balloon deflation, however, the CBF fell to approx imately half to one-third of the control value in all three groups (p < 0.01). The CBF then gradually recovered in the no swelling group. In the delayed swelling group, the CBF was lower than in the no swelling group at 2 hours after deflation, remained the same for 7-8 hours, and then gradually fell. In the barbiturate no swelling group, the values ob tained during administration of thiopental within 5 hours were similar to those of the delayed swelling group, but then recovered markedly after cessation of the barbiturate administration to about the values of the no swelling group. Figure 3B shows the AVDO2 values at 1-hour inter vals following global ischemia. The AVDO2 de creased markedly during 10-30 minutes after bal loon deflation in all three groups. A rapid increase occurred after 1 hour, reaching more than 130% of the control value (p < 0.01) 2-3 hours after defla tion, and remained high for 7-9 hours. The no swelling and the barbiturate no swelling groups dem onstrated a clear and slight AVDO2 increase after 9 hours. In contrast, the delayed swelling group show ed a rapid decrease of AVDO2 after 8 hours, with values significantly lower than in other groups (p < 0.01). The fall in AVDO2 was accompanied by brain swelling leading to brain death. Figure 3C shows the changes in CMRO2. Rapid and sustained recovery of the CMRO2 was observed after deflation in the no swelling group, reaching the control value after 17 hours. On the other hand, CMRO2 failed to continuously increase after the in itial rapid recovery in the delayed swelling group, and started to decrease after 8 hours to become significantly lower than the other groups after 12 hours (p < 0.01). In the barbiturate no swelling group, rapid and progressive recovery of CMRO2 as in the no swelling group was seen,.after 5 hours of marked suppression by the drug administration. Figure 4 shows the % power spectrum EEG band analysis before and after global ischemia in typical cases in the no swelling and the delayed swelling groups. In the no swelling group, all frequency bands, including the fast waves, recovered rapidly to the control level. The delayed swelling group demonstrated a predominance of the slow waves, especially after several hours. Figure 5 shows the % fast-wave component (a + /3) with time. The time course is similar to that of the CMRO2 shown in Fig. 3C . The fast-wave component recovered quickly in the no swelling group and in the delayed swelling group initially, but was followed by a gradual, then in the delayed swelling group rapid fall to a significantly lower level after 11 hours (p < 0.01). The changes in fast-wave compo nent in the barbiturate no swelling group also re sembled those of the CMRO2, remained low during drug administration, and quickly recovered after wards, finally reaching a value close to that of the no swelling group.
The CBF index is defined as the % fast-wave com ponent divided by the AVDO2 values, and plotted against time (Fig. 6 ). Both CBF index and the measured CBF values (Fig. 3A) showed a marked rise on balloon deflation and were followed by a quick fall. The rate of reduction in CBF index was least in the no swelling group, and stabilized thereafter. The CBF index quickly decreased after 8 hours, significantly after 12 hours (p < 0.01), in the delayed swelling group. In the barbiturate no swell ing group, the value was low during thiopental administration, but was similar to that of the no swelling group after discontinuation of the drug. Values are means ± SE.
Discussion
The The compression ischemia model used in this study, unlike the arterial occlusion-reperfusion model, may induce many types of insult other than pure ischemia. However, all these events occur in actual severe head injury associated with intracra nial hematoma, so this model is realistic for assess ing the clinical problems.
Hyperemia' 1,18) followed by persisting lower CBF was observed after balloon deflation in all three groups (Fig.  3A) . This suggests that the "postischemic hypoperfusion" following arterial oc clusion and reperfusion reported by Levy et a1.20) also occurs in the brain compression-decompression model. Postischemic hypoperfusion is of special im portance because it may modify the extent of cell damage caused by the primary ischemia.
Our study found no increase in ICP during the first 6 hours after balloon deflation (Fig. 2) . This would contraindicate the generally accepted treat ment for intensive head injury, mainly reduction of the increased ICP. However, Levy et al.20) clearly in dicated that the chain of ischemic insults, hyperemia, delayed hypoperfusion, and increased cerebral energy demand, lasts for several hours peaking 4 hours after reperfusion.
Our findings support this view. Therefore, treatment aimed to increase CBF and decrease cerebral metabolism at this stage should minimize the secondary ischemic insult, and also minimize the extent of cellular deaths. It is extremely difficult to trace the rapid changes in cerebral ischemia using the time-consuming conventional CBF measurement methods, such as the xenon method, nitrous oxide method (Kety-Schmidt18)), positron emission tomography, or single photon emission computed tomography.
Our study shows that serial measurement of AVDO2 allows some evaluation of the changes in CBF. However, being the quotient of CMRO2 and CBF, AVDO2 alone can not be an exact indicator of cerebral ischemia. We therefore substituted EEG monitoring for CMRO2. Hockaday et al.') reported that the EEG slow-wave component persisted longer with increased severity of ischemic damage following global ischemia and recirculation.
The same phenomenon was seen in experimental") as well as in clinical studies.") In contrast, others found a greater fast-wave compo nent related to higher CMRO2,23) Our previous re port showed that severity of primary ischemic in sult can roughly be predicted by combining EEG and the time course of AVDO2.44,45 In the present study, we quantitatively analyzed the fast-wave component using fast Fourier transform '21) and the total of a + 6 wave components was defined as the % fast-wave component. The time course of the % fast-wave component was quite similar to that of CMRO2 (Fig. 5) . Also, the changes in the % fast wave component divided by AVDO2 (CBF index) closely resembled changes in the CBF. These results suggest the usefulness of the % fast-wave component and CBF index instead of CMRO2 and CBF.
Without treatment after 5-minute global ischemia, 46% of cats achieved recovery of normal brain func tions (the no swelling group), and 54% died from brain swelling after showing transient recovery of EEG. Animals which ultimately recovered brain function demonstrated parallel and steady recovery of both CMRO2 and AVDO2, while the cats which died showed recovery of CMRO2i with persistent low CBF (Fig. 3) . This relative ischemic state leads to ir reversible metabolic change, finally causing the decline of CMRO2 and fatal brain swelling. Bar biturate administration has demonstrated many beneficial effects of cerebral protection in ex periments, by preventing the tissue damage and edema caused by cerebral ischemia or hypoxia, and by reducing intracranial hypertension. 4, 7, 30, 31, 33, 38, 41, 42) However, some workers24,37,38'45) are pessimistic about the efficacy of barbiturates in the clinical field, especially in treating severe brain injury. Even in experiments, some authors27,3s,43) doubt whether barbiturates provide cerebral protection at all, since the maximum dose can only reduce CMRO2 to 58% of the control,26) while CBF can be compromised by far smaller doses. 15)
Although not well established, the beneficial effects of barbiturates are: 1) suppression of cerebral hypermetabolism due to catecholamine released by cerebral tissue damage 31); 2) inhibition of glucose metabolism and reduction of the CMRO2, combined with reduced CBF31,34); 3) inhibition of cellular efflux of various metabolites and K+ with prevention of influx and accumulation of Na12); 4) protection of the endothelium of the blood vessels24); 5) preven tion of intravascular thrombosis24); and 6) inhibi tion of the brainstem neurogenic mechanism for vasoparalysis.22) Effects such as sealing of mem branes and scavenging of a few oxygen radicals have also been proposed.5'40'43) In summary, bar biturates minimize the ischemic damage by improv ing the metabolic process, stabilizing the cell mem brane, and improving the micro circulation. There fore, administration of barbiturate should be ideal for reversing the relative ischemia following brain compression.
In fact, we achieved 100% survival with good recovery of both CBF and CMRO2 in the group treated by the administration of bar biturates, as compared to only 46% survival rate in the untreated group.
Based on the experimental results, we conclude that: Five-minute duration of global ischemia is the borderline zone for causing irreversible metabolic damage to the brain, where a subtle alteration in cerebral metabolism and/or circulation can affect the prognosis markedly. By reducing the CMRO2 before irreversible damage occurs, even with some reduc tion in CBF, barbiturates improved the relatively ischemic state of metabolism, that is poor CBF recovery combined with rapid recovery of CMRO2, thus improving the final outcome. Administering the drug while the ICP was still low might have en hanced the protective effect, by ensuring mainte nance of a relatively high cerebral perfusion pres sure and minimizing compression to the cerebral vessels by cerebral edema which may cause further vascular resistance.
Therefore, we consider that the maximum effect of barbiturates in clinical cases can be expected by ad ministration at the stage of ischemic metabolism. The stage of ischemic metabolism is characterized by: 1) rapid recovery of % fast-wave component following surgical decompression of intracranial traumatic hematoma, 2) high AVDO2i and 3) low CBF index. We consider this a new mode of treat ment, at least one step ahead of the conventional use of barbiturates only to reduce ICP. 
